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ABSTRACT 


The  von  Karman  Gas  Dynamics  Facility  (VKF)  1000-ft  Hy¬ 
pervelocity  Range  facility  at  the  Arnold  Engineering  Develop¬ 
ment  Center  is  described,  and  its  current  operating  capabili¬ 
ties  are  presented.  A  brief  sampling  of  test  results  ob¬ 
tained  during  early  operation  of  the  range  is  presented  as 
well.  Among  these  are:  (1)  results  of  sphere  drag  measure¬ 
ments  over  the  Reynolds  number  range  3  ^  Re2  ^  106;  (2)  re¬ 
sults  of  the  measurements  of  flow  transition  locations  and 
wake  velocities  behind  spheres,  as  obtained  through  the  use 
of  a  35-GHz  Doppler  radar  system;  (3)  results  of  measurements 
of  electron  densities  in  the  wakes  of  spheres,  as  obtained 
using  r-f  cavity  and  microwave  techniques;  (4)  results  of 
the  measurement  of  radiation  from  the  shock  caps  of  spheres; 
and  (5)  results  of  the  effect  of  unit  Reynolds  number  on  the 
location  of  flow  transition  in  the  wakes  of  cones,  as  meas¬ 
ured  using  a  high  sensitivity  schlieren  system.  In  each  case, 
the  data  results  presented  are  correlated  with  measurements 
made  at  other  establishments  or  with  data  based  on  available 
theory.  The  correlations  are  shown  to  be  generally  reason¬ 
able.  An  appendix  describes  the  VKF  100-ft  Hypervelocity 
Range  K,  which  served  as  a  pilot  facility  during  the  develop¬ 
ment  of  the  1000-ft  range  and  which  continues  in  service. 
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SECTION  I 
INTRODUCTION 

The  Aerophysics  Branch  of  the  von  Karman  Gas  Dynamics 
Facility  (VKF)  operates  an  array  of  aerophysical  laboratory 
testing  facilities  which  includes  two  hypervelocity  impact 
ranges,  a  low-density  wind  tunnel,  and  two  evacuable  hyper¬ 
velocity  ranges  having  test  chamber  lengths  of  100  and  1000  ft. 
The  p' imary  purpose  of  this  report  is  to  describe  the  capabil¬ 
ities  of  the  VKF  1000-ft  Hypervelocity  Range  G  and  to  present 
a  sampling  of  test  results  obtained  during  its  early  opera¬ 
tion.  However,  brief  mention  of  the  other  test  units  is  in 
order , 

The  VKF  Tunnel  L  is  a  continuous-type,  arc-heated,  low- 
density  wind  tunnel  which  offers  a  unique  capability  for  gas 
dynamic  studies  at  simulated  altitudes  between  50  and  60  miles. 
Axisymmetric  nozzles  are  used  having  throat  diameters  of  0.1 
to  1.2  in.  and  exits  of  2.0  to  8.2  in.  (Three,  contoured  noz¬ 
zles  are  available,  and  their  use  results  in  the  absence  of 
flow  gradients  in  the  test  section.)  The  tunnel  operates  at 
Mach  numbers  between  4  and  16  and  at  Reynolds  numbers  between 
300  and  3500  per  in. 

The  Hypervelocity  Impact  Ranges  S-l  and  S-2  are  used  pri¬ 
marily  in  evaluations  of  the  structural  and  radiation  observ¬ 
able  effects  which  occur  as  a  result  of  collisions  between 
projectiles  and  simulated  spacecraft  or  warhead  structures. 

They  are  outfitted  with  two-stage,  light-gas  guns  of  0.5-in. 
bore  which  are  capable  of  launching  0.7-gm  projectiles  at 
velocities  as  great  as  32,000  ft/sec. 

The  100-ft  Hypervelocity  Range  K  served  initially  as  a 
pilot  facility  for  the  later  1000-ft  range  and  now  engages 
in  other  test  work.  A  complete  description  of  the  100-ft 
range  appears  as  the  Appendix  to  this  report. 


SECTION  II 

1000-FT  HYPERVELOCITY  RANGE  DESCRIPTION 


The  VKF  1000-ft  Hypervelocity  Range  G,  a  free-flight 
test  unit,  appears  in  Fig.  1.  The  range  is  equipped  with  a 
test  model  launcher  of  2.5-in.  bore  diameter.  This  launcher, 
shown  in  Fig.  2,  is  a  two-stage,  powder-hydrogen  gun  approxi¬ 
mately  100  ft  long.  The  range  is  a  1000-f t-long,  10-ft-diam, 
black  steel  tube  which  is  wholly  contained  within  an  under¬ 
ground  service  tunnel  20  ft  wide  and  14  ft  high.  A  blast 
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chamber  which  absorbs  the  expanding  muzzle  gases  makes  up  the 
initial  85  ft  of  the  range,  and  it  is  ir  this  chamber  that 
the  test  model  is  separated  from  the  sabot  which  adapts  it  to 
the  bore  of  the  launcher.  A  guillotine  valve,  having  a  clos¬ 
ing  time  of  approximately  10  msec,  separates  the  blast  chamber 
from  the  remainder  of  the  range.  Major  dimensions  of  both 
the  range  and  the  launcher  appear  in  Table  I ,  where  numbers 
and  locations  of  stations  at  which  the  more  routine  measure¬ 
ments  are  made  are  also  found.  A  three-stage  system  of  me¬ 
chanical  vacuum  pumps  provides  the  air  pressure  desired  with¬ 
in  the  range.  Pressure  can  be  adjusted  to  any  value  between 
atmospheric  and  20-|x  Hg.  The  pumpdown  time  required  to  pro¬ 
duce  a  range  pressure  level  of  15-mm  Hg  is  approximately  one 
hour;  to  the20-^Hg  level,  it  is  approximately  2-3/4  hr. 

Range  temperature  is  regulated  at  a  level  of  75°F,  ±1°F.  The 
range  can  be  operated  at  a  test  rate  of  one  to  two  shots  per 
8-hr  day,  depending  upon  the  complexity  of  the  test  program. 


SECTION  III 

LAUNCHER  PERFORMANCE 


Table  II  indicates  typical  limits  of  performance  for  the 
2.5-in.-diam  launcher  which  were  current  in  September  1966. 

Other  model  configurations  than  those  indicated  can  be  launched. 
Launcher  i erf ormance  is  the  subject  of  a  continuing  evaluation 
and  development  program  in  the  VKF.  Reference  1  describes 
work  directed  toward  optimizing  the  performance  of  two-stage, 
light-gas  launchers  and  presents  typical  results.  Reference 
2  reports  methods  of  microwave  ref lectometry  applied  in  the 
empirical  evaluation  of  launcher  performance. 

It  must  be  recognized  that  over  a  large  portion  of  the 
velocity-pressure  capability  of  the  range,  and  for  many  model 
shapes,  ablation  of  many  model  materials  can  be  expected  to 
commence  during  flight.  Figure  3  presents  the  results  of 
computations  which  indicate  the  nature  and  extent  of  the  abla¬ 
tion  problem  for  a  number  of  typical  cases. 


SECTION  IV 

range  instrumentation 


A  diagram  showing  data  flow  and  readout  equipment  for 
the  more  routine  measurements  in  the  1000-ft  Hypervelocity 
Range  G  appears  as  Fig.  4. 
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4.1  PRESSURE 

Pressures  are  monitored  continuously  at  three  gaging 
stations  along  the  length  of  the  range.  Precision,  variable- 
capacitiance  transducers  with  remote  potentiometer  readout 
are  used.  Measurement  errors  using  this  system,  over  the 
span  from  atmospheric  pressure  to  1-mm  Hg,  do  not  exceed 
1  percent  of  reading;  2-percent  error  limits  are  judged  to 
apply  from  1-mm  to  40-(i  Hg,  based  on  comparisons  with  separate 
means  of  measurement  which  serve  as  secondary  standards  at 
pressures  above  1-mm  Hg.  Ionization  and  McLeod  gages  are 
used  at  pressures  below  40-p,  Hg.  The  measurement  system  ref¬ 
erence  vacuum  is  maintained  at  less  than  0.01-p.Hg  and  is 
monitored  with  an  ionization  gage. 


4.2  TEMPERATURES 

Range  temperatures  are  monitored  continuously  at  three 
gaging  stations.  Copper-constantan  thermocouples  are  used 
in  making  the  temperature  measurements,  and  a  multipoint, 
strip-chart  servo-potentiometer  provides  their  readout.  Over¬ 
all  error  limits  are  ±1.0°F.  Dew-point  temperatures  over  the 
span  -50°F  to  +100°F  are  also  measured  at  three  stations. 
Transducers  which  take  advantage  of  the  unique  hygroscopic- 
conductivity  properties  of  lithium  chloride  are  used.  Readout 
is  remote,  and  errors  in  the  dew-point  measurements  do  not 
exceed  ±1.5°F  limits. 


4.3  SHADOWGRAPHS 

Forty-three,  dual-axis,  spark  shadowgraphs  (Ref.  3),  as 
shown  in  Fig.  5,  are  situated  at  20-ft  intervals  along  the 
range.  Optical  axes  at  each  shadowgraph  station  are  mutually 
orthogonal  with  the  range  centerline.  Viewfield  diameter  of 
each  shadowgraph  is  30  in.,  measured  at  the  range  centerline. 
Exposure  duration  provided  by  the  spark  light  sources  is 
0.12  ixsec .  Large  Fresnel  lenses  (Fig.  6)  serve  as  intensify¬ 
ing  screens  for  the  shadowgraphs.  The  Fresnel  lenses  bear 
scribed  fiducial  grids,  and  the  shadowgraphs  are  designed 
primarily  to  produce  data  describing  time-resolved  projectile 
positions  and  attitudes  rather  chan  flow  information.  A 
typical  shadowgram  appears  as  Fig.  7.  A  digitized  film 
reader  is  used  to  carry  out  numerical  interpretations  of  the 
shadowgrams,  and  these  are  used  to  provide  position-attitude 
time  histories  which  are  fitted  to  a  computer  program  from 
which  aerodynamic  coefficients  evolve.  Timing  information, 
which  makes  this  possible,  is  accumulated  in  a  multi-channel 
digital  event  chronograph.  This  instrument  accumulates  time- 
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resolved  annunciations  of  projectile  arrival  at  any  59  meas¬ 
urement  stations,  stores  the  information  during  projectile 
flight,  and  presents  it  in  tabulated  form,  immediately  fol¬ 
lowing  the  shot,  with  each  time  entry  numerically  identified 
with  the  event  it  describes.  Event  timing  resolution  is 
±0.1  p.sec  using  this  system.  X-ray  shadowgraphs  of  0.1-p.sec 
exposure  duration  record  early  projectile  positions  and  attT=^_ 
tudes  in  the  blast  chamber,  where  bright  muzzle  flash  pre¬ 
cludes  the  use  or  ordinary  visible  light  systems.  These 
X-ray  systems  also  enable  structural  examinations  of  models 
in  the  blast  chamber  and  in  later  flight.  A  typical  X-ray 
shadowgram  appears  as  Fig.  8;  serrated  sabot  segments  are 
seen  separating  from  the  projectile. 


4.4  SCHLIEREN  PHOTOGRAPHY 

A  high-sensitivity,  single-pass,  schlieren  photographic 
system  is  positioned  88.5  ft  from  the  range  entrance  to  pro¬ 
vide  photographic  recording  of  flow  information.  The  schlie¬ 
ren  system  has  a  viewfield  diameter  of  30  in.  and  is  operable 
in  either  single-frame  or  multi-frame  >uodes.  In  the  latter, 
as  many  as  20  frames  are  obtained.  Exposure  duration  is  0.1 
p.sec.  Examples  of  schlieren  photography  using  this  system 
appear  as  Figs.  9a,  b,  and  c. 


4.5  MICROWAVE  AND  R-F  CAVITY  MEASUREMENTS 

In  work  relating  to  wake  diagnostics,  additional  instru¬ 
mentation  systems  are  used.  These  appear  in  Fig.  10.  A 
resonant  r-f  cavity  is  situated  near  the  range  entrance  and 
is  used  in  making  measurements  of  effective  electron  line 
density.  The  ranges  of  effective  electron  densities  over 
which  the  r-f  cavitjr,  and  a  following  array  of  microwave 
diagnostic  equipment,  provide  measurements  are  listed  in 
Table  III.  Two,  dual-channel,  focused,  phase-quadrature, 
microwave  interferometers  are  operated  at  each  of  two  fre¬ 
quencies  (35  and  70  GHz) .  Microwave  transmission  and  reflec¬ 
tion  properties  of  wakes  are  measured  using  five  broadside 
probing  systems  operating  over  a  full  four  octaves  of  fre¬ 
quency.  The  axial  locations  within  projectile  wakes  at  which 
effective  cutoff  electron  densities  are  realized  (see  Table 
III)  can  be  determined  using  these  systems.  An  oblique  Dop¬ 
pler  radar  system  operating  at  a  frequency  of  35  GHz  is  also 
provided  and  is  ^quipped  with  auxiliary  parasite  and  trans- 
mitted-signal  sensing  antennas.  The  Doppler  radar  signal 
serves  as  a  measure  of  the  velocity  of  reflective  media  within 
projectile  wakes.  The  parasite  antenna  enables  observation 
of  the  specular  character  of  wakes  ilium''  .^ated  by  the  beam  of 
microwave  energy,  while  the  transmitteu-signal  antenna  provides 
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additional  information  on  wake  transparency.  The  viewfield 
dimensions  of  the  microwave  systems,  as  measured  along  the 
range  centerline  between  the  -10-db  points,  are  listed  in 
Table  III.  The  microwave  systems  operate  with  signal-to- 
noise  ratios  of,  typically,  30  db. 


4.6  RADIOMETRIC  AND  SPECTROGRAPHIC  MEASUREMENTS 

Flow  field  studies  in  the  range  are  also  supported  by  a 
battery  of  photomultiplier  radiometers  (Ref.  4)  and  spectro- 
graphic  equipment  shown  in  Fig.  10.  Spectral  characteristics 
of  the  radiometers  available  are  outlined  in  Table  IV,  and 
the  radiometers  themselves  are  interchangeable  among  the  lo¬ 
cations  indicated  in  Fig.  10.  Radiometer  viewfields,  as 
measured  along  the  range  centerline,  are  adjustable  over  broad 
limits  to  a  minimum  of  one  millimeter.  In  response  to  step- 
function  forcing,  the  radiometers  and  their  readout  oscillo¬ 
scopes  operate  with  rise  times  of  14  nanoseconds  (10  to  90 
percent  of  total  excursion)  and  accurately  reproduce  nominal 
square  wave  input  signals  having  durations  of  0.5  [isec  to  2 
msec.  The  radiometers  have  absolute  intensity  calibrations 
traceable  to  the  National  Bureau  of  Standards. 

The  complement  of  spectrographs  with  which  the  range  is 
outfitted  is  described  in  Table  V.  As  with  the  radiometers, 
viewfields  of  the  spectrographs  can  be  confined  to  a  dimen¬ 
sion  as  small  as  one  millimeter  along  the  range  centerline. 

In  general,  only  time-integrated  spectra  are  photographically 
recorded.  However,  one  of  the  3/4-m  grating  spectrographs 
is  equipped  with  a  group  of  six  photomultipliers  to  enable 
time-resolved  readout  of  radiant  energy  intensities  at  selec¬ 
ted  wavelengths.  Of  these  six  photomultipliers,  two  accom¬ 
modate  5-A  bandwidths.  The  remaining  four  are  positioned  to 
accommodate  bandwidths  of  100  A  on  either  side  of  each  of 
these  two  5-A  bands.  Use  of  the  photomultipliers  does  not 
interfere  with  the  normal  functioning  of  the  spectrograph  in 
recording  spectra  on  film. 


4.7  HIGH-SPEED  PHOTOGRAPHY 

As  indicated  in  Fig.  10,  an  image  converter  camera  is 
available  for  use  in  photographing  the  luminous  flow  fields 
enshrouding  projectiles  during  their  flights  through  the 
range.  Viewfield  dimensions  provided  by  this  camera  at  the 
range  centerline  are  4  in.  (along  the  flight  axis)  by  3  in. 
The  camera  will  produce  from  one  to  three  frames  and  is  op¬ 
erable  with  exposure  durations  of  50,  100,  and  200  nsec  per 
frame.  The  inter-frame  interval  is  adjustable  in  steps  to 
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values  of  0.5,  1.0,  2.0,  5.0,  and  10  p,sec .  In  addition,  sev¬ 
eral  high-speed  cine  cameras,  operating  at  maximum  frame 
rates  of  about  7000  per  second,  are  provided  and  can  be  used 
at  any  of  a  large  number  of  range  stations.  (One  is  indicated 
in  Fig.  10.)  These  cameras  can  be  used  to  record  flight  of 
the  projectile  over  a  large  portion  of  its  trajectory. 


4.8  RECORDING  EQUIPMENT 

A  36-channel  oscillograph  and  a  group  of  oscilloscopes 
(frequency  response:  d-c  to  50  MHz)  serve  the  range,  as  does 
a  14-channel  magnetic  tape  system  (frequency  response:  d-c 
to  40  KHz,  ±1  db/f-m  mode;  300  Hz  to  500  KHz,  ±3  db/direct 
mode)  . 


SECTION  V 

TYPICAL  TEST  RESULTS 


The  test  results  described  here  are  representative  of 
some  obtained  during  very  early  aeroballistic  range  work  per¬ 
formed  in  the  1000-ft  Hypervelocity  Range  of  the  von  Karman 
Gas  Dynamics  Facility  and  in  its  100-ft  pilot  facility  which 
is  described  in  the  Appendix.  These  results  should  not  be 
construed  to  represent  ultimate  test  capabilities. 


5.1  SPHERE  DRAG  MEASUREMENTS 

Drag  coefficients  of  spheres  have  been  measured  in  VKF 
range  work  with  an  accuracy  of  ±1.5  percent  for  Re2  >  1C)4  and 
over  the  velocity  range  from  3,000  to  21,000  ft/sec.  (Reg 
=  Reynolds  number  based  on  flow  conditions  just  behind  shock, 
and  sphere  diameter.)  Techniques  for  constructing  and  for 
launching  models  made  of  very  low  density  materials  (approach¬ 
ing  one  pound  per  cubic  ft)  have  been  developed  and  have  en¬ 
abled  further  measurement  of  sphere  drag  coefficients  with  an 
accuracy  of  ±4  percent  for  3  £  Re2  ^  10®  and  over  the  velocity 
range  from  3,000  to  12,000  ft/sec.  Complete  results  of  this 
work  have  been  reported  by  Bailey  in  Ref.  5,  where  it  is  shown 
that  this  wide  range  of  test  conditions  has  made  it  possible 
to  study  the  initial  departure  of  sphere  drag  coefficient  from 
the  high  Reynolds  number  continuum  level  and  also  to  make 
measurements  at  free-stream  Knudsen  numbers  approaching  unity. 
The  results,  as  presented  in  Ref.  5,  are  summarized  in  Fig.  11, 
where  it  is  evident  that  at  the  low  Reynolds  numbers,  they  are 
consistent  with  results  obtained  in  other  low-density,  hyper¬ 
sonic  test  facilities  (Refs.  6,  ",  and  8).  Values  of  drag 
coefficient  predicted  by  the  theoretical  work  of  Davis  and 
Flugge-Lotz  (Ref.  9)  also  appear  in  Fig.  11. 
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5.2  WAKE  VELOCITY  MEASUREMENTS 

A  35-GHz  oblique  Doppler  radar  system,  as  shown  in  Fig. 

10,  has  been  used  to  measure  the  velocities  of  reflecting 
media  contained  within  the  wakes  of  hypervelocity  spheres. 
Spheres  of  a  variety  of  materials  having  wide  ranges  of  densi¬ 
ties  and  melting  temperatures  have  been  used  in  this  work. 
Doppler  radar  velocity  measurements  in  sphere  wakes  were  ob¬ 
tained  only  in  those  cases  wherein  ablation  of  the  model 
occurred.  Figures  12a  and  b  show  typical  Doppler  radar  re¬ 
turn  signals  from,  respectively,  a  nonablating  model,  and  an 
ablating  model  and  its  wake.  Doppler  radar  wake  velocity 
measurements  made  for  the  ablating  cases  are  in  good  agree¬ 
ment  with  one  another  and  correlate  well  with  data  gathered 
using  nearly  identical  instrumentation  at  the  General  Motors 
Defense  Research  Laboratories  (Ref.  10).  The  VKF  test  results 
and  data  correlations  are  described  in  detail  in  Ref.  11  and 
appear  summarized  in  Fig.  13,  where  wake  velocity  measure¬ 
ments  made  by  other  techniques  and  also  at  other  establish¬ 
ments  (Refs.  12  and  13),  as  well  as  theoretical  data  (Ref.  14), 
are  plotted  for  comparison.  Since  no  Doppler  radar  reflec¬ 
tions  have  beer  observed  from  the  wakes  of  nonablating  models 
in  the  VKF,  the  results  of  this  work  suggest  that  the  products 
of  ablation  serve  as  the  reflecting  media  and  that  they  do 
not  radically  alter  the  structure  of  the  fluid  dynamic  wake. 


5.3  TRANSITION  FROM  LAMINAR  TO  TURBULENT  FLOW  IN  SPHERE  WAKES 


The  35-GHz  Doppler  radar  system  has  also  enabled  measure¬ 
ments  of  the  point  at  which  inner  wake  transition  occurs  in 
sphere  wakes.  Data  typical  of  these  measurements  appear  in 
Fig.  14,  where  transition  : ’asurements  from  another  source 
(Ref.  15),  made  using  a  similar  system,  are  shown  for  compari¬ 
son.  Also  indicated  is  a  band  representing  inner  wake  tran¬ 
sition  measurements  made  using  schlieren  photograpny  during 
a  large  number  of  test  shots  in  the  VKF  (Ref.  11).  Qualita¬ 
tive  agreement  among  data  from  the  three  sources  is  evident. 


5.4  WAKE  ELECTRON  DENSITY  MEASUREMENTS 

A  group  of  data  points  plotted  in  Fig  15  represents 
measurements  of  electron  density  made  in  the  VKF  in  the  wakes 
of  nonablating,  0.5-in.-diam  solid  copper  spheres.  The  ma¬ 
jority  of  the  VKF  electron  density  measurement'-  '  in 

Fig.  15  were  made  using  the  resonant  r-f  cavity  shown  in 
Fig.  10  and  whose  characteristics  are  outlined  in  Tablt  III . 
As  was  indicated  in  Section  4.5,  the  resonant  cavity  provides 
a  measure  of  effective  electron  line  density.  In  preparing 
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Fig.  15,  measurements  of  electron  line  density  made  using  the 
cavity  were  converted  to  values  of  true  electron  density  by 
assuming  the  electron  wake  diameter  to  be  the  same  as  that  of 
the  visible  wake,  as  given  in  Ref.  11.  In  Fig.  15,  the  VKF 
cavity  measurement  results  for  sphere  velocities  of  about 
18,000  ft/sec  are  seen  to  compare  favorably  with  results  ob¬ 
tained  by  the  MIT  Lincoln  Laboratory  (Ref.  16)  where  a  simi¬ 
lar  resonant  cavity  was  used  for  measurements  at  nearly  equal 
velocities . 

Also  shown  in  Fig.  15  are  limited  data,  obtained  in  this 
same  range  of  velocities,  using  the  4.25-GHz  broadside  micro- 
wave  probes  which  were  discussed  in  Section  4.5.  These  re¬ 
sults  fall  near  measurements  made  by  the  General  Motors  De¬ 
fense  Research  Laboratories  (Ref.  17),  again  at  velocities 
near  18,000  ft/sec.  The  latter  data  (Ref.  17)  were  obtained 
using  focused  microwave  interferometers. 

Additional  data  obtained  at  higher  sphere  velocities 
(near  21,000  ft/sec)  also  appear  in  Fig.  15.  The  VKF  measure¬ 
ments  at  these  velocities  were  obtained  using  broadside  probes 
and  can  be  compared  with  the  General  Motors  Defense  Research 
Laboratories  focused  microwave  interferometer  measurements, 
drawn  from  Ref.  17.  Correlation  between  the  data  obtained  at 
the  two  establishments  at  these  higher  velocities,  and  using 
the  differing  methods  of  measurement,  appears  to  be  quite 
good. 


5.5  SHOCK  CAP  RADIATION  MEASUREMENTS 

The  photomultiplier  radiometers  shown  in  Figs.  10a  and  b 
and  described  in  Table  IV  have  been  used  to  measure  the  radi¬ 
ant  energy  from  the  shock  caps  of  spherical  models.  During 
the  evaluations  of  these  radiometers  (Ref.  4),  the  forms  of 
forcing  functions  representing  shock  cap  radiance  were  analyt¬ 
ically  derived  for  radiometer  slit  widths  corresponding  to 
various  viewfield  dimensions,  measured  along  the  flight  path. 
(These  calculated  forcing  functions  were  based  on  the  radiance 
per  unit  length  in  the  shock  cap  of  a  3/8-in. -diam  sphere, 
traveling  at  16,000  ft/sec,  through  air  at  a  pressure  of  76- 
mm  Hg.)  In  Fig.  16,  the  calculated  forcing  functions  are 
plotted  together  with  corresponding,  normalized  radiometer 
data  recorded  during  three  test  shots.  (In  constructing 
Fig.  16,  the  maximum  value  of  the  radiance  forcing  function 
calculated  for  the  6.4-mm  slit  was  adjusted  to  equal  the  peak 
value  of  the  corresponding  measured  radiant  intensity  data; 
all  other  forcing  functions  were  adjusted  in  the  same  ratio 
as  was  the  one  for  the  6.4-mm  slit.)  The  close  agreement 
between  the  form  of  the  computed  curves  and  the  recorded  em¬ 
pirical  data  lends  credence  to  the  analytical  method  used  in 
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deriving  the  forcing  functions  and  also  provides  assurance 
that  the  response  of  the  photomultiplier  radiometers  and 
their  readout  equipment  is  adequate  to  the  making  of  measure¬ 
ments  under  these  circumstances  of  testing. 

Measurements  of  absolute  shock  cap  radiant  intensity  for 
a  number  of  shots  are  shown  in  Fig.  17.  Here,  the  total 
shock  cap  radiance  values,  as  measured  by  a  single,  broadband 
radiometer  (S-5  spectral  response  —  Table  IV),  are  shown  as 
are  the  integrated  values  resulting  from  measurements  made 
by  ten  narrow-band  radiometers.  A  plot  representing  the 
theory  of  Gilmore  (Ref.  18)  also  appears. 


5.6  UNIT  REYNOLDS  NUMBER  EFFECT  ON  TRANSITION  IN  WAKES  OF  CONES 


Experiments  have  been  conducted  in  VKF  range  work  to 
study  the  effects  of  ambient  pressure,  model  size,  cone  semi¬ 
angle,  and  velocity  upon  the  distance  to  transition  in  the 
wakes  of  slender,  sharp  cones.  Schlieren  photography,  of 
which  Fig.  9a  is  representative,  was  used  in  the  making  of  the 
transition  measurements.  The  work  has  been  reported  by  Bailey 
in  Ref.  19,  and  results  are  summarized  in  Fig.  18  where  it  is 
seen  that  for  cones  of  both  5-  and  10-deg  semi-angle,  transi¬ 
tion  Reynolds  number  decreases  with  decreasing  unit  Reynolds 
number.  As  Fig.  18  also  demonstrates,  aeroballistic  range 
data  obtained  elsewhere  (Ref.  20)  for  12.5-deg  semi-angle 
cones  and  wind  tunnel  data  representing  transition  on  the 
surface  of  10-deg  semi-angle  cones  (Ref.  21)  behave  similarly. 
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APPENDIX 

VKF  100-FT  HYPERVELOCITY  RANGE  K 


RANGE  DESCRIPTION 

The  VKF  100-ft  Hypervelocity  Range  K,  a  free-flight  test 
unit,  appears  in  Fig.  1-1.  Test  model  launchers  having  bore 
diameters  of  0.5,  0.625,  1.0,  and  2.5  in.  serve  the  range. 

All  are  powder-hydrogen  launchers,  and  the  three  smaller  units 
operate  in  two-stage  configuration,  while  the  largest  is  a 
single-stage  gun.  The  test  range  is  a  100-ft-long,  6-ft-diam, 
black  steel  tube  which  is  wholly  contained  in  a  service  build¬ 
ing  above  grade.  A  14-ft-long,  6-ft-diam  blast  chamber, 
which  absorbs  the  expanding  muzzle  gases,  joins  the  launcher 
to  the  range,  and  it  is  in  this  chamber  that  the  test  model 
is  separated  from  the  sabot  which  adapts  it  to  the  bore  of 
the  launcher.  Major  range  and  launcher  dimensions  appear  in 
Table  1-1,  where  numbers  and  locations  of  measurement  stations 
also  are  found.  A  three-stage  vacuum  pumping  system  provides 
the  air  pressure  desired  within  the  range.  Pressure  can  be 
adjusted  to  any  value  between  atmospheric  and  1.0-p.Hg. 


RANGE  INSTRUMENTATION 

A  diagram  showing  data  flow  and  readout  equipment  for 
the  100-ft  Hypervelocity  Range  K  appears  as  Fig.  1-2. 


Pressure 

Range  pressure  is  monitored  continuously  using  a  pre¬ 
cision,  variable-capacitance  transducer  with  potentiometer 
readout.  Measurement  errors  using  this  system,  over  the  span 
from  atmospheric  pressure  to  1-mm  lig,  do  not  exceed  1  percent 
of  reading;  2-percent  error  limits  are  judged  to  apply  from 
1-mm  to  40-p.Hg,  based  on  comparisons  with  separate  means  of 
measurement  which  serve  as  secondary  standards  at  pressures 
abcve  1-mm  Hg.  Ionization  and  McLeod  gages  are  used  at  pres¬ 
sures  below  40-|iHg.  The  measurement  system  reference  vacuum 
is  maintained  at  less  than  0.01-|iHg  and  is  monitored  with  an 
ionization  gage. 


Temperature 

Range  temperatures  are  monitored  continuously  at  six 
gaging  stations.  Copper-constantan  thermocouples  are  used 
y*  in  making  LI*c  temperature  measurements,  and  a  multipoint, 

strip-chart  servopotentiometer  provides  their  readout.  Over¬ 
all  error  limits  are  ±1.0°F. 
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Shadowgraphs 

Six,  dual-axis,  spark  shadowgraphs  are  situated  at  15-ft 
intervals  along  the  range.  Optical  axes  at  each  shadowgraph 
station  are  mutually  orthogonal  with  the  range  centerline. 
Viewfield  diameter  of  each  shadowgraph  is  12  in.,  measured 
at  the  range  centerline.  Exposure  duration  provided  by  the 
spark  light  source  is  0,12  p.sec .  Fresnel  lenses  serve  as  in¬ 
tensifying  screens  for  the  shadowgraphs,  which  are  designed 
primarily  to  produce  data  describing  projectile  positions 
and  attitudes  rather  than  flow  information.  Time  durations 
which  separate  the  shadowgraph  exposures  are  measured  either 
by  10-MHz  chronographs  or  by  a  multi-channel,  digital  event 
chronograph.  In  either  case,  event  timing  resolution  is 
±0.1  (xsec.  X-ray  shadowgraphs  of  0.1-(isec  exposure  duration 
record  early  projectile  positions  and  attitudes  in  the  blast 
chamber,  where  bright  muzzle  flash  precludes  the  use  of  ordi¬ 
nary  visible  light  systems.  These  X-ray  systems  also  enable 
structural  examinations  of  models  in  the  blast  chamber  in 
later  flight. 


Schlieren  Photography 

A  high-sensitivity,  single-pass  schlieren  photographic 
system  is  positioned  15  ft  from  the  range  entrance  to  provide 
photographic  recording  of  flow  information.  The  schlieren 
system  has  a  viewfield  diameter  of  12  in.  and  is  operable  in 
either  single-frame  or  multi-frame  modes.  In  the  latter,  as 
many  as  20  frames  are  obtained.  Exposure  duration  is  0.1  p.sec . 


Microwave  and  Radiometric  Measurements 

In  work  relating  to  flow  field  diagnostics,  several  ad¬ 
ditional  instrumentation  systems  are  used.  Focused  microwave 
systems,  operating  at  frequencies  of  10,  17,  35,  and  70  GHz, 
function  either  as  phase-shift  or  attenuation  bridges.  Time¬ 
resolving  photomultiplier  radiometers,  with  or  without  narrow 
band  filters,  measure  radiation  observables  over  the  range  of 
wavelengths  from  2,000  to  10,000  A.  These  radiometers  have 
absolute  calibrations  traceable  to  the  National  Bureau  of 
Standards . 


Receding  Equipment 

A  50-channel  oscillograph  and  a  group  of  oscilloscopes 
(frequency  response:  d-c  to  50  MHz)  serve  the  range,  as  does 
a  14-channel  magnetic  tape  system  (frequency  response:  d-c  to 
40  KHz,  ±1  db/f-m  mode;  300  Hz  to  500  KHz,  ±3  db/direct  mode). 
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Nose  Radius, 
in. 
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Muzzle  Velocity, 
ft/s  ec 
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22,500 
12, 450 
11, 000 


—  JSS®- semi-angle  cone  models 
♦hr,  u  *  ?!•  B  ast  chamber  pressure  of  60-mm  Ha  uwt 

Kt£ 


Fig.  3 


Distanc,  Traveled  before  Nose  R.och.d  Melting  Temperature 
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Shadowgraph  Configuration  -  VKF  1000-ft  Hyporvolocity  Rang#  G 
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Fig,  9a  Single-Frame  Sehlieren  Photograph  -  VKF  1000- ft  Hypervelocity  Range  G 
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Fig.  9b  Turbulent  Wake  behind  a  Hypervelocity  Sphere 


Model:  0. 125-in. -diam 
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Fig.  10b  Exterior  View-VKF  1000-ft  Hypervelocity  Range  Instrumentation  Equipment 
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DIRECT  SWEEP 
Vertical:  200  mv/cm 

Horizontal:  100  p,sec/cm 

DELAYED  SWEEP 
Vertical:  100  mv/cm 

Horizontal:  10  (isec/cm 


0 . 125-in . -diam  Tungsten  Carbide  Sphere 
V^:  19,400  ft/sec 

pro:  200-mm  Hg 


a.  Nonablating  Model 


DIRECT  SWEEP 
Vertical:  200  mv/cm 

Horizontal:  100  p.sec/cm 

DELAYED  SWEEP 
Vertical:  100  mv/cm 

Horizontal:  10  p.sec/cm 


0 . 125-in . -diam  Steel  Sphere 
Vcc,:  17,700  ft/sec 

pw:  200-mm  Hg 


IHHBBB 


Iggi 


rnmtmmlmmm 

)m 


No  Wake 


Return  from _ _ 

[Model  BeginsiMMlReturn  II 


b.  Ablating  Model 

Fig.  12  3S-GHz  Oblique  Doppler  Radar  Signals 
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Material  Diameter,  in.  Source 


Symbol 

Vqq,  kft/sec 

Pox 

mmHg 

Material 

Diameter,  in, 

S( 

a> 

£ 

=3 

a 

15.6-21.0 

35 

Aluminum 

0.25-0.437 

1 

* 

17.4-18.5 

200 

Steel 

0. 125  I 

1 

• 

20.5 

50 

Nylon 

0.125 

,  Ref. 

11  (VKF) 

♦ 

17.0 

734 

Tungsten 

0. 125  | 

i 

Carbide 

1 

— 

17.6-19.6 

50-100 

Copper 

0.2-0. 6 

Ref. 

10 

Schlieren 

A 

10. 0-11. 0 

100 

Aluminum 

0.437 

Ref. 

11  (VKF) 

— 

7.6 

-760 

Aluminum 

0.50 

Ref. 

12 

Theory 

Ref. 

14 

Luminosity  - 

Drum  Camera  Technique 

-  13.5-14.0  40-60  Lexan 


Ref.  13 


Transition  Reynolds  Number,  (V/v^x^/M 
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Transition  Measurements  with  a 


Body  Reynolds  Number,  (V/v)^  d 


Fig.  14  Comparison  of  Schlieren  and  Microwave  Measurements  of  Inner  Wake  Transition  Distance 
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Fig.  15  Electron  Density  Decay  in  Wakes  of  Nonablating  Sph< 


Relative  Radiant  Intensity,  J/J 
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NOTE:  Solid  curves  are  calculated  forcings,  based  on 
Vqo 3  16, 000  ft/sec  and  pro  *  76  mm  Hg,  for  all 
slit  widths.  Max.  value  of  radiance  forcing 
shown  for  6. 4-mm  slit  was  adjusted  to  equal 
peak  value  of  radiometer  data,-  other  forcing 
functions  adjusted  in  equal  ratio. 


Fig.  16  Comparison  of  Calculated  Forcing  aid  Measured  Response  cf  Narrow-Slit  Radiometer 


Absolute  Radiance,  Ng/p2  *  ,  w/crrr-steradian-amagat 


A  E  DC-T  R-66-1  97 


LA 


Gilmore  Theory  (Ref.  18) 
for  p2  =  1. 0  amagat 


Note: 

Open  symbols  are  broadband 
radiometer  measurements. 

Solid  symbols  are  integration 
of  n3rrow-band  measurements, 

4  Indicates  both  measure¬ 
ments  made  on  same  shot 


0. 88  <  P2  <  1.34  amagat 


13  14  15  16  17  18  19  20  21  22 
Projectile  Velocity,  kft/sec 


Fig.  17  Measurements  of  Total  Radiance  of  Equilibrium  Shock  Cap  of  Sphere 
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^Alpha- numerical  designations  indicate  spectral  response  character 
istics  adopted  as  standards  by  the  Electronics  Industries  Associati 
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